The lack of complete genome sequence information for Mycobacterium caprae complicates a robust differentiation of M. caprae and Mycobacterium bovis. In this study, the presence or absence of M. caprae-specific single nucleotide polymorphisms in lepA and gyrB genes was assessed. The region of difference 4 (RD4) was analyzed for the identification and characterization of M. caprae. Molecular characteristics were evaluated in 12 recent M. caprae isolates from livestock and wildlife collected over a 3-year period in Bavaria, Germany. Conventional PCR strategies, sequence analysis of PCR fragments, and data from a next-generation sequencing approach together with variable-number tandem-repeat genotyping were utilized. Single nucleotide polymorphisms in the lepA and gyrB genes indicating the presence of M. caprae were detected in all the isolates. At least three different RD4 variants were found for Alpine M. caprae isolates. The results demonstrate that the RD4 region is rather heterogeneous in M. caprae genomes. As assumed by others, the presence of RD4 is critical for PCR-based differentiation of M. caprae from M. bovis, but in addition, the observed variability of RD4 allows the identification of M. caprae genotypes and may be indicative of a geographical-type appearance.
M ycobacterium caprae was first described in samples from goats in Spain (1) and was established in 2003 as a unique species in the Mycobacterium tuberculosis complex (MTC) (2) based on the presence or absence of regions of difference (RDs) and single nucleotide polymorphisms (SNPs) (3) . M. bovis and M. caprae are the most relevant pathogens for livestock and wildlife large animal hosts. In some countries bovine tuberculosis (TB) is still a problem, particularly when a wildlife reservoir exists and TB transmission from wildlife to cattle and cattle to wildlife on the pasture is a permanent danger (4) . Three wildlife reservoirs of TB caused by M. bovis have been described extensively (4) (5) (6) (7) . To date a wildlife reservoir harboring M. caprae has not been described. However, there have been several reports about M. caprae infections in red deer (Cervus elaphus) (8) (9) (10) (11) (12) and wild boars (Sus scrofa) (8, 9, 13) from continental European countries, mainly from Spain (8, 9) and from countries with Alpine wildlife habitats (10) (11) (12) (13) .
During the years 2007 and 2012 in the Bavarian Alpine "Allgäu" region, an area with plenty of cattle summer pastures also habituated by red deer, infections in cattle have been found to be mainly caused by M. caprae, whereas M. bovis was more frequent among animals found in the northern part of Germany, according to international unpublished findings of the national animal infectious disease reporting system, TierSeuchenNachrichten 3.0 (TSN 3.0).
The majority of molecular strategies for M. caprae differentiation refer to sporadically examined M. caprae isolates (3, 14, 15) . In addition, a complete genome sequence of M. caprae is not available in the NCBI GenBank so far, in contrast to genome sequences of M. tuberculosis and M. bovis. Comparative genomic studies with the complete DNA sequence of M. tuberculosis strain H37Rv have identified several Mycobacterium tuberculosis-specific genomic RDs which have been deleted in most other members of the MTC (14, 15) . M. caprae isolates displayed the same RD deletions as M. bovis strains except for RD4, a 12.7-kb-spanning genomic region that is absent in M. bovis but present in M. caprae (14) . However, to our knowledge, only very few M. caprae isolates, including most isolates originating from Spain, have been tested with regard to the presence of the complete RD4 sequence; 4 M. caprae isolates originate from Spain (14, 16) and 10 isolates are without detailed origin information (15) . Rodriguez et al. (8) confirmed the existence of 545-bp RD4-specific sequences in 62 of 63 M. caprae isolates. Notably, the detection of an RD4 deletion has been used as a major criterion for distinguishing M. bovis from the other members of the MTC, especially from M. caprae (16) (17) (18) (19) (20) (21) .
One M. caprae-specific T-to-G substitution at position 1311 in the gyrB sequence has been described in several M. caprae isolates from central Europe (12, 22, 23) and Spain (3, 8) . However, Kubica et al. (24) reported that 3 of 55 German M. caprae isolates from human patients did not show this M. caprae-specific SNP. To date, the only commercially available DNA strip-based assay for the differentiation of MTC species, the GenoType MTBC line probe assay (Hain Lifescience GmbH, Nehren, Germany), takes advantage of this SNP to differentiate M. caprae from other members of the MTC (25) .
Reddigton et al. (26) described a novel M. caprae-specific Cto-T substitution at position 690 in the M. tuberculosis H37Rv lepA gene, which was conserved in all five tested M. caprae isolates originating from Germany and the Netherlands.
However, little is known about the genomic features of M.
caprae concerning markers for genotyping. Rapid and robust diagnostic differentiation of M. caprae is complicated by this fact. We used different PCR protocols to determine whether genetic characteristics can be found to accurately differentiate M. caprae from the other MTC members. These PCR protocols were sequence analysis of PCR fragments and two standard PCR-based genotyping methods, spoligotyping (27) and mycobacterial interspersed repetitive-unit-variable-number tandem-repeat (MIRU-VNTR) typing (28, 29) . We assessed the presence or absence of M. caprae-specific SNPs in lepA, gyrB gene, and RD4 sequences in the genomes of 12 recent Alpine M. caprae isolates from livestock and wildlife. In addition, we compared the results of a next-generation sequencing approach used to analyze DNA from seven M. caprae isolates. PCR and whole-genome sequencing revealed that three different RD4 variations exist for M. caprae isolates originating from delimited Alpine regions of Bavaria.
MATERIALS AND METHODS
Bacterial strains and DNA preparation. A total of 12 M. caprae isolates from domestic and wildlife hosts in different parts of Bavaria, Germany, were analyzed (Table 1 ). For standardization of PCR setups, five isolates of MTC and seven isolates from nontuberculosis mycobacteria (NTM) species were used (Table 1) . Clinical isolates were characterized using GenoType MTBC, GenoType mycobacterium AS, and GenoType mycobacterium CS (all from Hain Lifescience GmbH). The DNA of the NTM strains was obtained from the strain collection of the Bavarian Health and Food Safety Authority, Oberschleissheim, Germany.
MTC isolates were grown in liquid medium (Middlebrook 7H9 broth; Becton Dickson, Heidelberg, Germany) supplemented with 800 l polymyxin B, amphotericin B, nalidixic acid, trimethoprim, and azlocillin (BBL MGIT PANTA) (Becton Dickinson) and were incubated at 37°C for 4 weeks. After two washing steps and heat inactivation (30 min at 95°C), genomic DNA from MTC isolates for PCR and whole-genome sequencing was extracted from 1.5 ml liquid culture using the cetyltrimethylammonium bromide method and purification with phenol-chloroform. DNA concentrations were determined with a Nanodrop ND-1000 device (Thermo Fisher Scientific, Schwerte, Germany).
Molecular typing. Two PCR-based genotyping methods were applied for the molecular characterization of M. caprae isolates, spoligotyping (27) and MIRU-VNTR typing (28, 29) . The latter determines the copy numbers in 24 or 25 VNTR loci and is regarded as the actual gold standard for comparison of MTC strains (29) . DNA for PCR amplification was obtained by the boiled-prep method (11) . Spoligotyping was performed as described by Kamerbeek et al. (27) . MIRU-VNTR typing was carried out using single PCRs for each locus and DNA fragments were analyzed by gel electrophoresis, as described earlier (11) . Fingerprint patterns were digitally compared using BioNumerics software version 6.6 (Applied Maths, Sint-Martens-Latem, Belgium).
Whole-genome sequencing. Seven isolates of M. caprae were sequenced on a MiSeq-Illumina instrument with paired-end sequencing and a read length of 150 bp in each direction. For the isolates 09/RW044, 10/RW079, 11/D028, and 11/D102, sequencing libraries were prepared from 100 ng of fragmented DNA sonicated with a Bioruptor (NextGen, Diagenode, Liege, Belgium) (for 25 cycles with 30 s on/30 s off) and the Rapid Library preparation kit (NuGen Inc., San Carlos, CA) and were amplified by 6 cycles of PCR with Illumina P5 and P7 primers (P5, AAT GATACGGCGACCACCGA; P7, CAAGCAGAAGACGGCATACGA). After the PCR step, libraries were purified with AMPure XP beads (Beckman Coulter, Brea, CA) and quantified with a Bioanalyzer (Agilent, Santa Clara, CA). From the isolates 11/Rd152461, 12/Rd52759, and 11/Roe010, respectively, 1 ng of AMPure XP-purified DNA was used to prepare fragmented libraries with the XT kit (Illumina, San Diego, CA) according to the manufacturer's instructions.
The raw sequencing data were imported to a locally installed instance of the Galaxy platform (30) . Raw reads were demultiplexed, adapter and quality trimmed, and mapped to the M. tuberculosis reference genome H37Rv (GenBank database, accession number CP003248) with the program BWA (31) . Regions of interest were inspected on the Integrative genomics viewer (IGV), a lightweight visualization tool that enables intuitive real-time exploration of diverse, large-scale genomic data sets on standard desktop computers (32) in order to find large deletions.
Primer and probe design. The primers and the probe are listed in Table 2 . Nucleotide sequence data for the primers and the probe were deduced from various reports (14, 16, 18, 26, 33) or were generated in this study using the NCBI/Primer-BLAST program (http://www.ncbi.nlm.nih .gov/tools/primer-blast/index.cgi?LINK_LOCϭBlastHome) based on the sequences derived from whole-genome sequencing analysis.
All primers and probes were purchased from Primer-Management (Eurofins MWG Operon, Ebersberg, Germany).
Real-time PCR. The reactions were run in a Stratagene Mx3005P realtime thermocycler (Agilent Technologies, Waldbronn, Germany). Thermocycling, fluorescent data collection, and data analysis were performed with MxProTM quantitative PCR (qPCR) software (Agilent Technologies).
lepA-based species-specific real-time PCR for M. caprae. Each reaction consisted of 1 U Taq DNA polymerase recombinant (Invitrogen, Life Technologies, Darmstadt, Germany), 1ϫ PCR buffer, 5 mM MgCl 2 , 1 mM deoxynucleoside triphosphate (dNTP), 450 nM forward (MTC_Fw) Conventional PCR. PCR amplifications were performed in a T3000 thermocycler (Biometra, Goettingen, Germany). The PCR-amplified DNA fragments were separated by electrophoresis in 0.8 to 2% agarose gels and visualized under UV after ethidium bromide staining.
lepA-based species-specific conventional PCR for the MTC. The PCR mixture was prepared with 0.05 U of HotStarTaq DNA polymerase (Qiagen, Hilden, Germany), 1ϫ reaction buffer, 1.25 mM MgCl 2 , 0.2 mM dNTP, 0.5 M each primer (MTC_Fw/MTC_Rv), 1 l template, and RNase-free water to 50 l per reaction to amplify a 155-bp lepA fragment. The cycling parameters were denaturation for 15 min at 95°C, 35 cycles of 95°C for 1 min, 60°C for 30 s, and 72°C for 30 s and a final elongation step of 10 min at 72°C (program 1).
gyrB-based species-specific PCR for the MTC. Primers MTUBf/ MTUBr were used to amplify a 1,020-bp gyrB fragment that comprises the discriminative regions from six M. caprae isolates. The PCR mixture contained 0.05 U of Phusion high-fidelity DNA polymerase (Biozym Scientific GmbH, Hessisch Oldendorf, Germany), 1ϫ reaction buffer, 0.2 mM dNTP, 0.5 M each primer, 1 l template, and RNase-free water to 50 l. The cycling parameters were denaturation for 30 s at 98°C, 35 cycles of 10 s at 98°C and 30 s at 72°C, and a final elongation step of 10 min at 72°C.
RD4-based species-specific PCR for MTC detection. Primers chosen to amplify an internal fragment of RD4 (Fig. 1) were used in two PCRs with DNA from all M. caprae isolates. The two fragments that were amplified applied to the left and central parts of RD4 of the M. tuberculosis H37Rv genome in the 5=-to-3= direction.
For the RD4 internal left part, an 88-bp fragment of the left part of RD4 (Fig. 1 ) was amplified in a 50-l reaction mixture containing 0.05 U of HotStarTaq DNA polymerase (Qiagen), 1ϫ reaction buffer, 1 mM MgCl 2 , 0.2 mM dNTP, 0.5 M each primer (RD4F/RD4R), 1 l template, and RNase-free water (PCR mixture 1). The cycling parameters were those for program 1 but with an annealing of 55°C for 30 s.
For the RD4 internal central part, a 1,031-bp fragment of the central part of RD4 (Fig. 1.) was amplified using PCR mixture 1 but with 1ϫ Q solution and primer Rv1510F/Rv1510R. The cycling parameters were those for program 1 but with an annealing of 60°C for 1 min and an extension step of 72°C for 1 min.
RD4 5-kb deletion-flanking PCR. Previous results from contig sequences in the next-generation sequencing approach suggested a 5-kb deletion present in the left part of the RD4 sequence in some M. caprae genomes. Hence, flanking primers specific to the deletion were chosen for a PCR setup with DNA from the M. caprae isolates (Fig. 1 ). To amplify a calculated DNA fragment of approximately 700 bp, we used PCR mixture 1 but with 1ϫ Q solution and primer (RD4-flankF/RD4-5kbDelR). Instead of dGTP, 7-deaza-2=-deoxy-GTP (Roche, Mannheim, Germany) for GC-rich templates was used. The cycling parameters were program 1 but with an annealing step of 55°C for 1 min and an extension step of 72°C for 1 min.
In addition, PCR mixture 1 but with 1ϫ Q solution and primer (RD4-flankF/Rv1510R) was used for amplification of a 2.5-kb deletion-flanking fragment from the M. caprae isolates 11/D028 and 10/RW079. The cycling parameters were program 1 but with an annealing step of 55°C for 1 min and an extension step of 72°C for 2 min.
For amplification of the 6.9-kb DNA fragment that comprised the left and central parts of the RD4 sequence in M. caprae isolates without deletion, the PCR master mix contained 0.05 U of Phusion high-fidelity DNA polymerase (Biozym Scientific, GmbH), 1ϫ GC buffer, 0.2 mM dNTP, 0.5 M each primer (RD4-flankF/Rv1510R), 1.5 l dimethyl sulfoxide (DMSO), 1 l template, and RNase-free water to 50 l. The cycling parameters were denaturation for 1 min at 98°C followed by 35 cycles of 10 s at 98°C, 30 s at 65°C, and 260 s at 72°C and a final elongation step of 10 min at 72°C. RD4 38-kb deletion-flanking PCR. The results of next-generation sequencing suggested that a 38-kb deletion spanning the whole RD4 region might be present in some M. caprae genomes (Fig. 1) . Hence, flanking primers adjacent to the suspected deletion were designed for amplification of a small approximately 250-bp fragment representing flanking sequences. PCR mixture 1 was used but with 1ϫ Q solution and primer (PDelF/PDelR). The cycling parameters were program 1 but with an annealing step of 55°C for 1 min and an extension step of 72°C for 1 min.
Sequencing and sequence analysis. DNA fragments were prepared for sequencing by the QIAquick gel extraction kit (Qiagen) and sequencing was performed by Eurofins MWG Operon. The obtained sequences were compared with each other and with genomic sequences of members of the MTC, available from the genome database of the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/genome /browse/). The sequence data were aligned by using the Clustal W2 program (http://www.ebi.ac.uk/Tools/msa/clustalw2/) (35) .
Nucleotide sequence accession numbers. Sequence reads obtained from genomic sequencing of the M. caprae isolates RW/044, RW/079, 11/D028, and 11/D102 have been deposited in SRA (http://trace.ncbi.nlm .nih.gov/Traces/sra/). Bam files of these isolates mapped to H37Rv are available under the accession numbers SRS386245, SRS386249, SRS386254, and SRS386255. The obtained PCR sequences of the 5-kb and 38-kb deletionflanking regions and the fragment of the gyrB gene amplification were deposited at NCBI GenBank under the accession numbers listed in Table 3 . 
RESULTS

SNP analysis. The M. caprae-specific gyrB gene SNPs were detected using GenoType MTBC (Hain Lifescience GmbH) in all 12
M. caprae isolates. Additionally, these SNPs of the gyrB gene (22) were confirmed by the determined nucleotide sequences of six M. caprae isolates (Table 3) . Using real-time PCR with an M. caprae-specific probe (26), we identified the M. caprae characteristic C-to-T substitution at position 690 of the lepA gene in all 12 isolates. Sequences indicative of other members of the MTC and NTM, respectively, were not detected. A 155-bp PCR fragment of the lepA gene was obtained from all MTBC members in a conventional PCR setup, but not from NTM members. Hence the data confirm that the M. capraespecific probe binding within the lepA gene allows the identification of M. caprae isolates.
RD4 and genotyping analysis. A MIRU-VNTR and spoligotyping code was obtained for M. caprae samples (Table 3) , and two RD4-based PCR setups were chosen to amplify an internal fragment of the left and central parts in the RD4 sequence. The results of the cluster analysis by MIRU-VNTR genotyping and the RD4-based PCR setups allowed a discrimination of three groups of M. caprae isolates ( Table 3 ). The geographic origin of the M. caprae isolates supported the diversity of genotyping and RD4 pattern results (Fig. 2) . According to the RD4 differences and the MIRU-VNTR code, we chose the origin-related designations Allgäu, Lechtal, and Karwendel types for the three groups of our Alpine M. caprae isolates ( Table 3) .
The complete sequence of RD4 proved to be conserved in the Alpine M. caprae isolates of the Allgäu type (Fig. 1) . The results of analysis of the next-generation sequencing data sets of eight M. caprae isolates performed using the program IGV suggested the presence of two different deletions of 5 kb in the genome of the Karwendel type and of 38 kb in the genome of the Lechtal type (Fig. 1) . To confirm this finding, we designed flanking primers specific for deletion-adjacent sequences.
The sequence analysis of amplified deletion-flanking fragments showed that the 38-kb deletion includes the nucleotide sequences from position 1.694595 to 1.732924 in the M. tuberculosis H37Rv genome encompassing the whole RD4. Using flanking primers specific for the 5-kb deletion, we obtained an approximately 700-bp PCR fragment for all M. caprae isolates of the Karwendel type. The nucleotide sequence of the PCR fragment could not be determined because of a high guanine-cytosine content. However, results from contig sequences in the Illumina sequencing of the 2.5-kb PCR approach of isolate 10/RW079 resulted in a 2,224-bp fragment spanning the 5-kb deletion. In this fragment, the 5-kb deletion contains the sequence stretch from position 1.695834 to 1.700422 spanning the left part of RD4. Of particular interest is the finding that the deletion is located 188 bp upstream of the previously assumed RD4 deletion in the genome of M. bovis subsp. bovis strain AF2122/97 (14, 21, 36) . Notably, these genomic characteristics of the Allgäu, Lechtal, and Karwendel types isolated from red deer were also present in isolates from cattle from the respective geographic regions (Table  2 ; Fig. 2 ).
DISCUSSION
Twelve M. caprae isolates originating from wildlife and livestock in the Bavarian Alpine region of Germany were evaluated for genomic traits. The presence or absence of M. caprae-specific SNPs in the lepA and gyrB genes and of RD4-specific sequence peculiarities were assessed for identification and characterization of the M. caprae isolates.
The M. caprae-specific T-to-G substitution at position 1331 of the gyrB sequence and the C-to-T substitution at position 690 of the lepA sequence were confirmed to be conserved in all tested M. caprae isolates. The presence of these single-nucleotide changes was shown to be a stable marker in our Alpine M. caprae isolates as well as for M. caprae infections of different host species. However, it remains to be tested whether the sensitivity of the PCR is sufficient when DNA is prepared directly from native tissue samples.
Interestingly, three different RD4 variations were found in Ba- varian Alpine M. caprae isolates which corresponded with their geographic origins and genotypes ( Fig. 1 and Fig. 2 ). The absence of RD4 has previously been described as a marker for M. bovis (14) (15) (16) (17) (18) (19) (20) (21) . However, only a few M. caprae isolates have been tested so far with refined sequence analysis of RD4, and most isolates originated from Spain (14-16). Rodríguez et al. (8) verified the existence of RD4-specific sequences in 62 Spanish M. caprae isolates without giving detailed information about the primers used.
Hence it is unknown which part of RD4 was detected and it has not been confirmed that the whole RD4 sequence is conserved. The results of our study demonstrate that RD4 is not uniformly present in Alpine M. caprae genomes as assumed to date. Due to this heterogeneity, RD4 cannot be recommended for use in effective differentiation of M. caprae from M. bovis. It cannot be excluded that further genomic deletions may be found in other M. caprae isolates. The 5-kb deletion in the Karwendel type includes the genes Rv1505c to Rv1509, whereas the 38-kb deletion in the Lechtal type has led to the loss of the genes Rv1504c to Rv1531. This finding is of particular interest because RD4 is predicted to encode proteins involved in membrane degradation (Rv1508c) and exopolysaccharide synthesis (Rv1516c) (37) . In addition, Al-Khodari et al. (38) identified in TB-infected persons immunodominant peptides reactive with antibodies recognizing amino acid (aa) epitopes 241 to 265 of Rv1508c and aa 325 to 336 of Rv1516c. Thus, some peptide sequences eliciting an antibody-mediated immune response are not well conserved in Alpine M. caprae isolates, and their loss may be a result of long-term host interactions.
During the past 10 years, a low but consistent incidence of M. caprae was registered in the Alpine part of Bavaria, Germany, according to TSN 3.0 reports. Efficient TB control should include epidemiological surveillance systems based on mycobacterial species identification to gain a better knowledge about the regional occurrence and host range of MTC members and other mycobacterial species. DNA fingerprinting methods have proven to be powerful epidemiologic tools for the differentiation of the MTC, the current gold standard being MIRU-VNTR typing (29) . The presence of three types of the Bavarian Alpine M. caprae isolates, all three found in both cattle and red deer, clearly demonstrates tuberculosis transmission between livestock and wildlife (Fig. 2) . However, the primary host of the strains cannot be predicted. Notably, the three types have shown a remarkable genetic stability for at least 3 years (Table 1) .
To date, the Allgäu type has not been described. The regionspecific types, genotype Lechtal and genotype Karwendel, have been found in bordering regions in Austria and were characterized by spoligotyping and MIRU-VNTR for 12 loci (10-12). The genotype Lechtal has been identified in a "hot spot" area of TB in red deer (prevalence 23.1%) in the Lechtal, Austria (12) . Because of the local high incidence in the red deer population, a high red deer transmission rate of the Lechtal type can be assumed. A spillover of the Lechtal type to the German Allgäu region seems likely. On the other hand, the Allgäu type exists in the same area of Bavaria and contains the complete RD4. This raises the question of whether the RD4 deletion in the Lechtal type might have evolved from the Allgäu type by animal passages. It became evident that a detection of the three variants of RD4 sequences was not possible using spoligotyping or MIRU-VNTR based on repetitive DNA elements. However, informative SNPs are valuable markers for classifying MTC members into phylogenetic lineages because of very low degrees of homoplasy (39, 40) . Whole-genome sequencing provides complete information for the identification of a sufficient number of reliable SNPs and the genomic characteristics of M. caprae (41) .
